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Abstract 

The pulmonary metabolism of 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone (NNK) 
was investigated in isolated perfused lungs of fed and starved male Sprague-Dawley rats. 
[i- l4 C]NNK at about 2 ^mol/l perfusate was rapidly metabolized by lungs of fed animals. 
Starvation had only minor effects on pulmonary NNK metabolism. The elimination half-life of 
NNK was 77 and 74 min, the clearance 1.2 and 1.1 ml/min in fed and starved rats, respectively. 
After 3 h perfusion, 11% and 8.3 % of NNK remained unmetabolized in fed and starved rats, 
respectively. 4-MethyInitrosam:no-l-(3-pyridyl-/V-oxide)-l-butanone (NNK-A-oxide) was the 
main metabolite accounting for about 50% of the total radioactivity. Metabolites resulting from 
NNK activation by cc-hydroxylation accounted for 28% of the total radioactivity in control and 
32% in starved rats. Reduction of NNK to 4-methylnitrosamino-I-(3-pyridyl)-l-butanoI (NNAL), 
and its further A-oxidation, to 4-methylnitrosamino-l-(3-pyridyl-A r -oxide)- 1-butanol (NNAL-A- 
oxide), occurred in small quantities of about 4 to 6 %. Addition of a 50-fold molar excess of 
nicotine to the perfusate at 0, 40 or 60 min after NNK increased the plasma half-life of NNK to 
about 100 min. This was due to an inhibition of both a-hydroxylation and A-oxidation and an 
increase in reduction to NNAL. These results demonstrate rapid metabolism of NNK in isolated 
perfused rat lung which is inhibited by the presence of a 50-foid higher molar excess of nicotine. 


"Abbreviations: NNK, 4-(methylnitrosammo)-l-(3-pyridyl)-l-butanone; NNAL, 4-(methyl- 
nitrosamino)-1 -(3-pyridyl)-1 -butanol; NNK-A-oxide, 4-Methylnitrosamino- l-(j-pyridyl-A-oxide)- 
1-butanone, NNAL-A-oxide, 4-methylnitrosamino-l-(3-pyridyl-A-oxide)-l-butanol; keto alcohol, 
4-oxo-4-(3-pyridyl)-butanoI; diol, 4-hydroxy-4-(3-pyridyl)-butanol; hydroxy acid^ 4-hydroxy-4-(3- 
pyridyl)butyrie acid; keto acid; 4-oxo-4-(3-pyridyl)butyric acid; NNAL-Giu, [4- 
(methylnitrosamino)-l-(3-pyridyl)but-l-yl]-B-(3-D-glucopyranosiduronic acid; TCA, 
trichloroacetic acid. 
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Introduction 

Cigarette smoke is a major risk factor for lung cancer (1). Cigarette smoke contains tumor 
initiators, tumor promoters, cocarcinogens, and complete carcinogens including the nicotine- 
derived nitrosamine 4-(methylnitrosamino)~I-(3-pyridyl)-l-butanone (NNK*) which has been 
suggested to be the major cause of pulmonary adenocarcinoma in cigarette smokers (2). 
Independent of the form and site of application, NNK elicits the same type of lung tumor in 
laboratory animals as seen in cigarette smokers. The lifetime uptake of NNK by heavy cigarette 
smokers exceeds the lowest cumulative dose required to induce lung adenocarcinoma in rats (3). 

NNK is a procarcinogen that requires metabolic activation before it can react with cellular 
components (2). Since cigarette smoke is mainly inhaled, the lung is the first organ to metabolize 
and potentially activate NNK (4). The metabolism of NNK has been investigated in a variety of 
models (5). The possible metabolic pathways, keto reduction to 4-(methylnitrosamino)-l-(3- 
pyridyl)-1-butanol (NNAL), A-oxidation of NNK and NNAL to 4-methylnitrosamino-l-(3- 
pyridyl-A-oxide)-l-butanone (NNK-A-oxide) and 4-methy]nitrosamino~I-(3-pyridyl-A-oxide)-l- 
butanol (NNAL-A-oxide), and a-hydroxylation of both NNK and NNAL, yielding 4-oxo-4-(3- 
pyridyl)-butanol (keto alcohol), 4-hydroxy-4-(3-pyridyl)-butanol (diol), 4-oxo-4-(3- 
pyridyf)butyric acid (keto acid) and 4-hydroxy-4-(3-pyridyl)butyric acid (hydroxy acid) are 
summarized in Figure 1 .■ NNAL is a substrate of glucuronyi transferase leading to the formation 
of one (rats, mice) or two (patas monkey, humans) stereo isomers of[4-(methylnitrosamino)-l-(3- 
pyridyl)but-l-yl]-6-0-D-glucopyranosiduronic acid (NNAL-Glu) (6-8). Ring hydroxyiation of 
NNK has also been confirmed as an additional minor metabolic pathway (9). 

NNK is rapidly metabolized in vivo and its metabolites excreted in urine. At low doses 
approaching the exposure of heavy smokers, the two end-products of NNK a-hydroxylation, 
hydroxy acid and keto acid, constitute about two thirds of the urinary metabolites in Fischer F344 
rats as well as in patas monkeys, indicating the metabolic activation of NNK to genotoxic 
intermediates (6,7,10). Whereas the A-oxides of NNK and NNAL contribute almost all of the 


PM3001192268 


Source: https://www.industrydocuments.ucsf.edu/docs/hswk0001 





4 


residual metabolites in the urine of rats, about 20% of the dose is excreted as NNAL-G!u in the 
urine of patas monkeys. NNAL-Glu as well as free NNAL have also been detected in the urine 
of smokers, snuff dippers and nonsmokers experimentally exposed to high concentrations of 
sidestream cigarette smoke (8,11,12). 

The pattern of metabolites obtained by incubation of NNK with isolated cells or 
subcellular fractions, however, differs from the urinary metabolites. Rat lung cells form mainly 
NNAL when incubated with SO jjM NNK (13). NNAL is also the major metabolite of NNK in 
lung microsomes of hamsters (14). In mouse and rat lung microsomes incubated with NNK at or 
below 10 fiM the rates of a-hydroxylation, /V-oxidation and keto reduction are comparable (15- 
18). In human lung microsomes, NNAL accounts for > 95% of all metabolites (19). 

These differences between the urinary metabolite pattern of NNK and the results obtained 
by various in vitro methods prompted us to investigate the metabolism of NNK by the isolated 
perfused rat lung. This method has been used to demonstrate the influence of phenobarbitone and 
other xenobiotic compounds on the extraction and metabolism of nicotine (20) and the presence 
of bioactivation pathways for aromatic hydrocarbons (21). 

Several cytochrome P450s have been implicated in the various metabolic pathways of 
NNK in mice, rats and humans (19,22-25). However, the extent to which individual P450s 
metabolize NNK remains unclear, Differences in the P450 isozymes may account for species 
and/or tissue differences. In human lymphoblastoid cells expressing transfected P450 isozymes, 
NNK is activated to a mutagenic species with the relative-order being CYP 2A6 - 1A2 > 2E1 > 
2D6 (23). 

CYP 2E1 apoprotein has been shown to be present in lung tissue of several animal species 
as well as humans (26-33). In lung it can be induced by a variety of pretreatments including 
starvation as well as by exposure to cigarette smoke (26,32-34). Starvation greatly enhanced 
NNK first pass metabolism in isolated perfused mouse and rat jejunal segments (35,36). Nicotine, 
the main alkaloid in tobacco and tobacco smoke, is a substrate for several cytochrome P450s 
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including CYP 2A6 which is also involved in NNK metabolism (23.37.3S). Recently, nicotine has 
been shown to inhibit the metabolic activation of NNK in vivo (10,39) and in vitro (40,41). 
Therefore the effects of starvation and nicotine addition on NNK metabolism were investigated 
in the isolated perfused rat lung. 

MATERIALS AND METHODS 
Chemicals 

[I- 14 C-]NNK with a specific activity of 29 Ci/mol, was obtained from ChemSyn Science 
Laboratories (Lenexa, KS). HPLC analysis confirmed > 98% radiochemical purity. Unlabelled 
reference compounds for known metabolites of NNK were a generous gift from Dr. D. Hoffmann 
(American Health Foundation, Valhalla, NY). HPLC-grade solvents were from Merck 
(Darmstadt, Germany). Ail other chemicals were of the highest purity available and purchased 
from Sigma Chemie GmbH (Taufkirchen, Germany). 

Animals 

Groups of five male Sprague-Dawley rats (200 - 250 g; Interfauna,Tuttlingen, Germany) 
were housed in plastic cages unde/ standard animal laboratory conditions (20 ± 2 °C; 50 ± 10% 
relative humidity; 12 h light/dark cycle) with ad libitum access to rat chow (Altromim 1 , Altromin, 
Lage/Lippe, Germany) and drinking water. Rats were either permitted access to diet until the time 
of sacrifice or starved for 48 hours prior to the experiment. The animal experiments were officially 
approved by the Government of Lower Saxony (504.42502/01-34.89) 

Perfusion of isolated rat lungs 

Tiie perfusion of isolated rat lung preparations was performed essentially as described by 
Foth et al. (20,21), After anaesthesia with urethane (1.25 g/kg bw) and heparinisation (2000 IE/kg 
body weight) the lungs were ventilated via the trachea with 30 * 1 ml air/min and perfused via a 
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cannula inserted into the truncus of the pulmonary arteries at a constant flow rate of 12 ml/min 
for up to 3 hours with a 90 ml suspension of bovine erythrocytes in Krebs-Ringer bicarbonate 
buffer (hematocrit 0.14 - 0.16) fortified with 15 mg/mi bovine serum albumin and 1 mg/m! 


glucose. [l- 14 C]NNK was adminstered as a bolus to the perfusate establishing initial 
concentrations of 1.8 - 2.0 /uM. Twelve 1 ml samples were taken from the perfusion medium 
between 0 and 180 min, erythrocytes and plasma separated by centrifugation and stored at -20 °C 
until analysis. Total 14 C was measured in aliqouts of plasma and erythrocytes after decolourization 
with H 2 0 2 . 


HPLC-analysis of NNK and its metabolites 

NNK and its metabolites were analyzed in samples of plasma and erythrocytes by a 
modification of the procedure developed by Carmella et al. (42). After precipitation of proteins 
by TCA, 200 - 600 pi of the clear supernatant was chromatographed on a 4 * 250 mm 
LiChrospher' ?1 60 RP-selectB 5 p column fitted with a 4 * 4 mm precoiumn (Merck, Darmstadt, 
Germany) by elution with a gradient linear from 100% A to 70% A/30% B in 25 min and linear 
to 10% A/90% B in 1 min (A: 20 mMTfis buffer, pH 7.2; B: acetonitrile) at a flow rate of 0.7 
ml/min. Radioactivity was monitored ahd peaks quantified with a solid-phase radioactivity monitor 
(Ramona, Raytest, Straubenhardt, Germany). Radioactive metabolites were identified by 
cochromatography with unlabeiled reference compounds detected by UV at 254 nm (UVD 160, 
Gynkotek, Germering, Germany). The detection-limit for a single peak was 500 dpm 
corresponding to 0.5% of the total l4 C in a sample. 


Kinetic parameters and statistics 

The data from individual time points were analyzed by regression analysis and metabolite 
formation kinetics calculated using QUATTRO PRO (Borland, Scotts Valley, CA). The 
concentration versus time curves were fitted by the TOPFIT V 2.0 calculation programme 
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(provided by the German pharmaceutical companies Godecke, Schering and Thomae) according 
to a standard two compartmental model assuming first order kinetics in order to determine 
pharmacokinetic parameters. Reported values represent means ± standard error. Statistical 
analysis was performed by the two-sided Students /-test for independent samples. 

RESULTS 

Kinetics of NNK elimination in the isolated perfused rat lung 

The metabolism of [I-' 4 C]NNK by rat lungs was investigated using the isolated perfused 
rat lung model in which the intact iung retains its physiological morphology and remains 
metabolically active for several hours. The experiments were performed using a closed perfusion 
system in which the medium repeatedly recirculates through the vessels of the intact lung. 

NNK was administered as a bolus yielding initial concentrations in the medium between 
1.8 and 2.0 pM. In all samples analyzed, the bulk of l4 C was found in the plasma fraction with 
about 10% of i4 C remaining in the pelleted erythrocytes. This ratio resembled the hematocrit 
value in the medium which was around 15%. Radioactivity in the pelleted erythrocytes was 
analyzed after protein precipitation with TCA. In most erythrocyte fractions only NNK could be 
detected, even when considerable amounts of metabolites were already present in the plasma 
fraction. Only when NNK was largely metabolized were NNK metabolites detectable in the 
erythrocyte fraction. In these samples, the qualitative composition of NNK metabolites was 
identical in the plasma and erythrocyte-fractions (data not shown) indicating that NNK and its 
metabolites are evenly distributed throughout the perfusion medium. 

The perfused rat lung actively removes NNK from the perfusion circuit (Figure 2, Figure 
3 upper part). The log plasma concentration versus time curve closely follows the kinetics of a 
one-compartment model of elimination. Accordingly, the calculated volume of distribution of 
NNK was only slightly larger than the volume of the 'central 1 compartment (Table I) which for the 
closed perfusion system is equal to the volume of perfusion medium plus the intravascular space 
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of the lung. NNK disappeared from the perfusion medium with a half life of 77 ± 20 min. The 
clearance value was 1.2 ± 0.3 ml/min for NNK which is close to the clearance of nicotine 
determined under comparable conditions (20). About 89% of NNK undergoes metabolic 
transformation by control rat lungs within 3 h indicating a high metabolic capacity toward NNK 
(Figure 2). 

In lungs from rats starved for 2 days in order to induce CYP2E1 metabolism of NNK in 
the lung (24), only marginal enhancement of the elimination kinetics of NNK was observed as 
compared to lungs from control rats (Figure 3). Accordingly, the elimination half life (74 ± 12 
min) and the clearance (1.1 ± 0.2 ml/min) were almost identical to the values calculated for 
control rats (Table I). 


Formation kinetics of NNK metabolites 

After 3 h of perfusion only ! 1.0 2.3% of the total radioactivity remained as unchanged 

NNK in the medium (Table II, Figure 3). Products of TV-oxidation, i.e. NNK-iV-oxide and NNAL- 
A/-oxide, contributed 56 ± 2% of the radioactivity, with NNK-N-oxide (52%) as the predominant 
metabolite. Keto alcohol (12.0± 1.3%) and keto acid (14.3 ± 1.3%), the products of NNK a- 
hydroxylation, were formed in significant amounts, whereas diol (not detectable, < 0.5%) and 
hydroxy acid (1.7 * 0.8%), the products of NNAL a-hydroxylation, were barely detected. NNAL 
and NNAL-N-oxide were only minor metabolites accounting for less than 5% each of the total 
I4 C in the medium after 3 h. 

Appearance of NNK metabolites in the medium followed a linear kinetic model. Therefore, 
the formation constants and apparent initial concentrations were calculated using a first order 
kinetic model. For all metabolites the apparent initial concentrations were ~0% except for hydroxy 
and keto acid (<2%) which were present as a result of contaminants in the [1- I4 C]NNK. NNK-iV- 
oxide was formed at the highest rate (36 ± 2 nmoles/h), followed by the a-hydroxylation products 
keto alcohol and keto acid (9.4 ± 0.S and 9.0 ± 2.3 nmoles/h). Reduction of NNK to NNAL 
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occurred at a rate of 4.6 ± 2.7 nmoles/h (Table (II). The values for NNAL-iV-oxide could not be 
described by the linear kinetic model. 

Starvation of rats for 48 h before the experiments only slightly enhanced the pulmonary 
NNK metabolism (Tables II and III, Figure 3 lower part). After 3 h of perfusion, a small increase 
in keto alcohol and keto acid to about 120% of control values was observed while the formation 
of NNK-iV-oxide was slightly decreased (92% of control). However, none of these changes 
reached statistical significance. When calculated as specific turnover numbers, starvation slightly 
enhanced the formation of all metabolites with the exception of NNAL (Table III). 

Effect of nicotine on NNK elimination by rat lung 

Nicotine has been shown to inhibit NNK-metabolism in a dose-dependent manner in rat 
oral tissue culture (40) and rabbit nasal microsomes (41). In order to evaluate whether this effect 
also occurs in the rat lung, nicotine (100 //A4) was added to the perfusion fluid giving a 50-fold 
molar concentration excess of nicotine over NNK. No indication of acute toxicity to isolated rat 
lungs was observed as indicated by the absence of edema formation, change in perfusion pressure 
or disturbance of perfusion dynamics after nicotine (results of separate experiments, not shown 
here). Nicotine was added in single perfusion experiments 0, 40 or 60 min after addition of NNK 
in order to evaluate whether nicotine would affect the kinetics of distribution or change the early 
or late phase of NNK elimination. 

Nicotine inhibited the pulmonary metabolism of NNK in all experiments^Addition of 
nicotine at 0 or 40 min but not 60 min after NNK increased the elimination half-life by 30-40% 
and decreased the clearance by 40-50% as compared to controls (Table I). At the end of the 3 h 
perfusion, two to three times higher concentrations of NNK were left unmetabolized in the 
perfusion medium. The contribution of keto acid to the metabolite fraction was reduced by 30- 
40% whereas that of NNAL was increased by 230 - 260%. In addition, the formation of NNK-AL 
oxide was slightly reduced (Table II, Figure 4). 
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DISCUSSION 

NNK, a tobacco-specific nitrosamine, is a potent carcinogen which induces primarily 
pulmonary adenoma and adenocarcinoma in mice, rats and hamsters independent of the route of 
administration (2). Metabolic activation of NNK, a procarcinogen, has been demonstrated in lung 
tissue cxplants, isolated cells and microsomes from a variety of species, including hamster, mouse, 
rat and man (3,13-19,22,24,43). However, no data are available from whole organ experiments, 
which take into account structural features of the lung. According to Rivenson et al. (44) NNK 
may be considered a "blood-borne" carcinogen because it is transported to the lung mainly via the 
vascular network. Therefore, vascular perfusion of the isolated lung should be the best model to 
study the fate of NNK in its major target organ. This study demonstrates rapid and complete 
metabolism of NNK in the isolated perfused rat lung at a concentration of 1.8 - 2.0 p.mol/1. The 
specific activity of [l- l,, C]NNK (29 Ci/mol) allowed detection of individual metabolites 
corresponding to 0.5% of the initial total NNK radioactivity. However, this NNK concentration 
is still about five orders of magnitude higher than that expected in the bloodstream of a smoker 
exposed to 0.1 - 1.5 nmol (17 - 305 ng) NNK per cigarette with mainstream smoke (2) which is 
■ equivalent to 1 - 15 pmol/l for a given volume of distribution of about 100 1 for a smoker of 70 
kg body weight (45). 

In the F344 rat NNK is eliminated with a clearance of 5.3 ml/min and a half-life of 25 min 
(46). The clearance of NNK in the isolated perfused rat lung is 4 times lower (1.2 ml/min) and the 
half-life 3 times longer (77 min) indicating that the lung is not be the major site of NNK 
metabolism in vivo. This is further apparent from the difference in the metabolite pattern between 
lung perfusate and urine. At concentrations below 50 pmol NNK/kg, products of a-hydroxyiation 
are the major metabolites in urine accounting for about 70% of total metabolites (6,10,39). In 
contrast, the major metabolite in the perfused rat lung is NNK-A^-oxide accounting for more than 
half of the metabolites (Table II). An even more important difference to the in vivo situation is 
the low capacity of the lung to reduce NNK to NNAL. This is evident from the low perfusate 
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concentrations of NMAL and NNAL-Af-oxide, and the fact that NNAL a-hydroxylation products, 
diol and hydroxy acid are barely detectable. In urine the percentage contribution of NNAL a- 
hydroxylation products to the total metabolites is slightly less and the W-oxides of NNK and 
NNAL are ex'creted in equal amounts (6,10,39). These differences between the in vivo metabolism 
in whole animals and ex vivo in the isolated perfused lung are in accord with results obtained with 
microsomes from liver and lung showing a much higher capacity of the liver to reduce NNK to 
NNAL (LS). Therefore, it appears that the liver is the major organ contributing to the elimination 
of NNK in vivo. 

NNK a-hydroxylation give rise to methylation and pyridyloxobutylation of DNA (47). In 
rats both DNA modifications are of importance for the initiation of lung cancer (48,49). Whereas 
methylation is a common reaction of many carcinogens including the NNK metabolite NNAL, 
pyridyloxobutylation is specific for NNK. The high proportion of NNK as compared to NNAL 
a-hydroxylation in isolated rat lung could explain the high susceptibility of the lung toward NNK 
carcinogenesis (2,3). This is in line with results from Murphy et ai. (47) showing not only a higher 
extent of DNA methylation and pyridyloxobutylation but also a higher proportion of the latter 
DNA modification in lung as compared to liver at concentrations <150 p.g/kg/day given to rats 
daily for 4 days. 

In man, susceptibility to lung cancer is associated with the Dm1 polymorphism of the 
CYP2E1 gene (50). Involvement of CYP2E1 in the metabolic activation of NNK has been 
demonstrated in a variety of tissues from different species including man (19-,23-25). Antibodies 
against CYP2E1 can prevent mutagenicity in bacterial expression systems (23), but do not inhibit 
NNK metabolism in microsomes from rat lung (22). Whereas starvation clearly induced CYP2E1 
in hamster lung (34) we did not see any major effect on NNK metabolism in the isolated perfused 
lung. This is also in line with the lack of inducibility of other P450 isozymes in rat lung (51,52). 

The effect of nicotine, a major component of tobacco smoke, upon NNK metabolism in 
the isolated perfused lung was tested in a pilot study with only three rats. Nicotine was added at 
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a 50-fold molar excess over NNK either simultaneously, or 40 to 60 min after NNK to the 
perfusion medium. Nicotine clearly inhibited both NNK a-hydroxylation and /'/-oxidation whereas 
reduction to NNAL was slightly increased (Figure 4). This confirms earlier studies showing 
inhibition by nicotine of NNK metabolism in rats in vivo (39) and in rat oral and rabbit nasal tissue 
in vitro (40,41). More recently, subcutaneous infusion of a 3600 molar excess of nicotine or 
cotinine together with NNK has been shown to reduce the binding of [5- 3 H]NNK to hemoglobin 
(10). Taken together, these studies indicate a possible protective effect of nicotine against NNK 
lung carcinogenesis. However, further studies are needed to determine the effects of nicotine, and 
possibly cotinine, on DNA binding of NNK metabolites in the lung. 
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Table I. Pharmakokinetic parameters of NNK elimination by isolated perfused rat lungs 

Control 2 d starvation Addition of nicotine at 


0 min 40 min 60 min 


c max (nmol/ml) 

1.8 ± 0. I a 

1.8 ±0.2 

2.0 

1.9 

1.8 

t\/2 ( min ) 

77 ± 20 

74 ± 12 

107 

99 

77 

CI (ml/min) 

1.2 ±0.3 

1.1 ±0.2 

0.6 

0.7 

1.0 

V D (ml) 

105 ±3 

101 ±3 

102 

98 

106 


Rat lungs were perfused with 1.8 - 2.0 [ 1 - 14 C]NNK for 3 h. Nicotine (100 jxM) was added 

to the perfusate of single control lungs. C max , calculated at t max ; t| /2 , elimination half life, calcula¬ 
ted from the elimination rate constant of the log concentration versus time curve; Ci, 
clearance,calculated by dose/(area under concentration time curve);V D , volume of distribution. 
a Mean ± SE of 5 experiments (control and 2 d starvation) or results from single experiments 
(nicotine). 
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Table II- Metabolites of NNK in the medium of isolated perfused rat lung 



Control 

2 d starvation 

Addition of nicotine at 




0 min 

40 min 

60 min 

Hydroxy acid 

1.7 ±0.8° 
(1.9) 

2.2 ±0.7 
(1.2) 

1.5 

(2.1) 

1.9 

(2.4) 

1.5 

(2.1) 

Keto acid 

14.3 ± 1.3 
(16.1) 

16.6 ±2.5 
(17.1) 

8.2 ■ 
(11.5) 

7.2 

(9.2) 

7.1 

(9.8) 

NNAL-/V-oxide 

4.0 ± 1.1 
(4.5) 

5.9 ±2.2 
(8.6) 

3.1 

(4.4) 

2.2 

(2.8) 

3.1 

(4.3) 

NNK-/V-oxide 

52.4 ±2.3 
(58.9) 

48.1 ±2.4 
(52.5) 

39.2 

(55.1) 

37.3 

(47.5) 

35.8 

(49.4) 

Keto alcohol 

12.0 ± 1.3 
(13.5) 

14.9 ±2.5 
06.2) 

10.1 

(14.2) 

18.0 

(22.9) 

13.5 
(18.6) 

NNAL 

4.4 ± 1.0 
(4.9) 

4.0 ± 1.2 
(4.4) 

7.9 

(11.0 

9.9 

(12.6) 

9.2 

(12.7) 

NNK 

11.0±3.2 

8.3 ±3.5 

29.9 

21.5 

27.5 


Rat lungs were perfused with 1.8 - 2.0 nM [ 1- I4 C]NNK for 3 h. Nicotine (100 (xbA) was added 
to the perfusate of single control lungs. NNK and its metabolites were determined by HPLC in 
perfusate at 3h. 

a Percent of total l4 C in perfusate (percent of total metabolites in parentheses); mean ± SE of 5 
experiments (control and 2 d starvation) or results from single experiments (nicotine). 
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Table III. Kinetic parameters for the formation of NNK metabolites by perfused rat lungs 


Control 2 d starvation 

(nmoi/h) 


Hydroxy acid 

-0.02 ± 0.38 a 

0.10 ±0.58 

Keto acid 

8.96 ±2.31 

9.89 ±3.41 

NNK-jV-oxide 

35.9 ± 1.73 

39.84 ± 10.62 

Keto alcohol 

9.40 ±0.79 

13.06 ±2.39 

NNAL 

4.58 ±2.74 

4.36 ± 1.10 


Rat lungs were perfused with 1.8 - 2.0 /jM [1- I4 C]NNK for 3 h. NNK and its metabolites in 
perfusate were determined by HPLC. 
a Mean ± SE of 4 experiments. 
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Legends to Figures 



Fig. I. Metabolism of NNK. Structures in brackets are hypothetical intermediates (8). 


Fig. 2. HPLC analysis of NNK metabolites in the perfusion medium of control rat lung after 180 
min of perfusion with 2 ,wM[l- l4 C]NNK. Metabolites were identified by coelution with authentic 
standards. 


Fig. 3. Effect of starvation on the elimination of NNK (upper panel) and formation of metabolites 
(lower panel) by isolated rat lungs following perfusion with 1,8 - 2.0 fiM [1- 14 C]NNK. Values 
are the mean ± SE of 5 experiments. V-Oxides: sum of NNK-iV-oxide and NNAL-W-oxide; E 
Alpha: sum of hydroxy acid, keto acid and keto alcohol . 


Fig. 4, Effect of nicotine on the elimination of NNK (upper panel) and formation of metabolites 
(lower panel) by isolated rat lungs perfused with 1,8 - 2.0 juM [1- 14 C]NNK with or without 
addition of 100 fjM nicotine to the perfusate at 0, 40 or 60 min. Values are the mean ± SE of 5 
(controls) or single experiments, respectively. The formation of metabolites is only shown for the 
experiment with simultaneous addition of nicotine and NNK to the perfusate as compared to the 
controls. /V-Oxides: sum of NNK-jV-oxide and NNAL-vV-oxide; 2 Alpha: sumf of hydroxy acid, 
keto acid and keto alcohol. 
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Fig. 1. Metabolism of NNK. Structures in brackets are hypothetical intermediates (8). 
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Fig. 2. HPLC analysis ofNNK metabolites in the perfusion medium of control rat lung after 180 
min of perfusion with 2 piM [ I - 14 C]NNK. Metabolites were identified by coelution with authentic 
standards. 
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Fig. 3. Effect of starvation on the elimination of NNK (upper panel) and formation of metabolites 
(lower panel) by isolated rat lungs following perfusion with 1.8 - 2.0 [1- 14 C]NNK. Values 

are the mean ± SE of 5 experiments. V-Oxides: sum of NNK-/V-oxide and NNAL-/V-oxide; E 
Alpha: sum of hydroxy acid, keto acid and keto alcohol. 
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Fig. 4. Effect of nicotine on the elimination of NNK (upper panel) and formation of metabolites 
(lower panel) by isolated rat lungs perfiised with 1.8 - 2.0 piM [1- !4 C]NNK with or without 
addition of 100 /jM nicotine to the perfusate at 0, 40 or 60 min. Values are the mean ± SE of 5 
(controls) or single experiments, respectively. The formation of metabolites is only shown for the 
experiment with simultaneous addition of nicotine and NNK to the perfusate as compared to the 
controls. //-Oxides: sum of NNK-//-oxide and NNAL-//-oxide; 2 Alpha: sumf of hydroxy acid, 
keto acid and keto alcohol . 


PM3001192291 


Source: https://www.industrydocuments.ucsf.edu/docs/hswk0001 



